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Abstract. The BabyLux device is a hybrid diffuse optical neuromonitor that has been developed and built to be
employed in neonatal intensive care unit for the noninvasive, cot-side monitoring of microvascular cerebral blood
flow and blood oxygenation. It integrates time-resolved near-infrared and diffuse correlation spectroscopies in a
user-friendly device as a prototype for a future medical grade device. We present a thorough characterization of
the device performance using test measurements in laboratory settings. Tests on solid phantoms report an accu-
racy of optical property estimation of about 10%, which is expected when using the photon diffusion equation as
the model. The measurement of the optical and dynamic properties is stable during several hours of measure-
ments within 3% of the average value. In addition, these measurements are repeatable between different days of
measurement, showing a maximal variation of 5% in the optical properties and 8% for the particle diffusion coef-
ficient on a liquid phantom. The variability over test/retest evaluation is <3%. The integration of the two modalities
is robust and without any cross talk between the two. We also perform in vivo measurements on the adult fore-
arm during arterial cuff occlusion to show that the device can measure a wide range of tissue hemodynamic
parameters. We suggest that this platform can form the basis of the next-generation neonatal neuromonitors to
be developed for extensive, multicenter clinical testing. © The Authors. Published by SPIE under a Creative Commons Attribution

4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
[DOI: 10.1117/1.NPh.6.2.025007]
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1 Introduction

Preterm birth is a major and widespread healthcare issue involv-

ing 15 million babies every year.1 It is a major cause of death in

children under the age of 5, and a high percentage of the sur-

vivors suffer neurological disabilities.2 The neurodevelopment

of preterm newborns can be negatively affected by hemo-

dynamic instabilities during the first hours and days of life,

where brain lesions are often developed.3,4 It is hypothesized

that brain-oriented intensive care of the preterm newborns

would minimize these problems, but, to be effective, it would

require the possibility to monitor the cerebral well-being at

the cot-side in real time. Unfortunately, such a technology is

still lacking in the daily clinical care.

A potential candidate is the continuous-wave near-infrared

spectroscopy (CW-NIRS),5–7 which has already been commer-

cialized in its spatially resolved spectroscopic implementation.8

These devices evaluate the regional cerebral microvascular

blood oxygenation and are relatively simple, inexpensive, non-

invasive, and portable.9 CW-NIRS uses near-infrared light,

because it is poorly absorbed by the tissue and is multiply scat-

tered. This allows a deep penetration (>1 cm) of the light under

the surface and its emergence on the same side of the tissue

allowing for measurements on the forehead of the infant.10

Apart from this deep penetration, since the absorption spectrum

of oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb) are dif-

ferent,11 it is possible to retrieve information about changes of

their concentration by monitoring the attenuation of constant

intensity light source at multiple wavelengths after propagation

in the tissue. Many of these cerebral oximeters perform multi-

distance measurements and the so-called spatially resolved

spectroscopy algorithm, in order to quantify the absolute micro-

vascular blood oxygen saturation (StO2).

Cerebral oximetry using CW-NIRS has already been intro-

duced as a clinical device in neonatology, and different random-

ized clinical trials have demonstrated that adding cerebral

oximetry to the standard clinical care can reduce the burden

of cerebral hypoxia in preterm infants.12,13 In spite of this, it

is accepted in the neonatology community that further technical
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progress is still needed for a routine clinical use of oximeters.14

In particular, the current technology is deemed not precise

enough, especially when repositioning the sensor over the

infants head, with a variability over replacement measured >5%

in commercial oximeters.15 This, unfortunately, is too high for

clinical purposes since it makes it difficult to discriminate

between a safe value (∼70%) and the threshold for intervention

(usually 55%).14 A related issue is that the absolute StO2 deter-

mination is device-dependent, which further complicates the use

of thresholds to define a safe range.14

The European project BabyLux (January 2014 toApril 2017)16

aims at introducing a solution for continuous neuromonitoring

of infants at the cot-side by building a device based on more

advanced forms of diffuse optical technologies. The goal is to

achieve more precise, robust, and accurate results compared to

the state-of-the-art methods. However, it also aims at adding a

direct measurement of microvascular cerebral blood flow in

order to estimate an index of cerebral oxygen metabolism.

To this end, the BabyLux device has integrated time-resolved

NIRS (TRS) and diffuse correlation spectroscopy (DCS). The

former technology is an evolution of CW-NIRS. Instead of a

constant intensity light source, it uses short laser pulses

(about 100 ps) and studies their propagation in the tissue in

several wavelengths.17 By modeling the shape of the collected

curve, it is possible to obtain the tissue optical properties

(absorption μa and reduced scattering coefficient μ 0
s) as absolute

values at each wavelength and, hence, absolute Hb and HbO2

concentrations. The efficient decoupling of these two effects

allows the TRS estimation of StO2 to be more robust and accu-

rate than what can be achieved with CW-NIRS.18

On the other hand, DCS measures the microvascular cerebral

blood flow locally.19,20 It uses a long coherence length laser and

measures the intensity fluctuations of a single, diffuse laser

speckle resulting from the propagation of photons into the tis-

sue. Those fluctuations are affected by the moving scatterers,

dominated by red blood cells and can be used to obtain a

blood flow index (BFI), which is proportional to the blood

flow in the tissue.21

Therefore, a hybrid TRS and DCS device, like the BabyLux

device, can provide simultaneous, independent, and absolute

measurement of blood oxygenation and perfusion of the tissue,

i.e., of both consumption by and supply of oxygen to the tissue.

This allows for retrieving information on the metabolism, quan-

tifying the relative measurement of cerebral metabolic rate of

oxygen (CMRO2).
22 The possibility of employing such a

hybrid device has been explored for more than a decade by

employing different kinds of NIRS technologies for the

blood oxygen saturation estimation.23–25 This approach has

been particularly successful in newborns.26–30 However, most

previous implementations were either specifically designed

for newborns or “home-made” research devices, which are

not particularly useful for extended, multicenter clinical testing.

Recent emergence of other commercial devices is working

toward changing this.31

Here, we describe the BabyLux device, which was built to be

user-friendly and to be operated by clinical personnel without

technical assistance. To demonstrate good performance in

terms of precision and accuracy, we have performed tests in lab-

oratory settings. Among the different characterization protocols

that were suggested for the objective performance characteriza-

tion of photon migration instruments,32–34 we have focused on

the MEDPHOT protocols for TRS. The MEDPHOT protocol,32

which consists of measuring a set of homogeneous solid phan-

toms with different optical properties, was employed to assess

the accuracy, precision, and stability of the optical property esti-

mation. As far as DCS was concerned, we have employed

measurements on a calibrated liquid phantom to define the per-

formance in terms of precision and stability of dynamic proper-

ties (flow) estimation. Last, test measurements on an adult

forearm during arterial cuff occlusion were performed to

show results from in vivo measurements on a well-controlled

and dynamic variable configuration.

2 Methods

2.1 Hardware

The BabyLux device can be used in two different configura-

tions. Figure 1(a) shows the main unit, which contains the opti-

cal and electronic components and the screen in its desktop

configuration. In addition, the main case can be supported by

a custom cart, as depicted in Fig. 1(b). The cart consists of

an upper drawer for storage purposes and a bottom drawer

for an uninterruptible power source battery (HAT 1101S,

Hectronica, Spain) and for a medical grade isolator transformer

(REO España 2002 S.A.). Wheels make the device portable.

A schematic of the main optical and electronic components

of the DCS and TRS module is presented in Fig. 1(c). The TRS

module uses three pulsed laser diode heads at 685, 760, and

820 nm (PicoQuant GmbH, Germany, pulse duration <100 ps

and average power <1 mW), driven by a compact pulse driver

at 20 MHz (PicoQuant GmbH, Germany). The electrical con-

nection between the pulse driver and the laser heads has a differ-

ent length for each of the three lasers, in order to introduce

different temporal delays between the pulses. Each branch of

the pulsed light is divided by a 96%/4% fiber splitter (OZ

Optics LTD., Canada). The 4% branch of the splitter is attenu-

ated (OZ Optics LTD., Canada), combined into a single fiber

connector (Lightech SRL, Italy) and sent directly to the detector

(PicoQuant, Germany) [dashed red lines in Fig. 1(c)] to monitor

the temporal drift of the TRS lasers. The 96% branch is directed

to motorized software-controlled attenuators (OZ Optics LTD.,

Canada), and, then, to the front panel of the device. At the detec-

tion side, the light is collected by an optical coupler and deliv-

ered to the detector (PicoQuant, Germany). The optical coupler

combines the signal and the reference branches and contains a

triple bandpass filter (AHF analysentechnik AG, Germany) to

reduce the detection of the ambient light and the cross talk

by the DCS signal. The output of the photon-counting detector

is fed to the time-correlated single-photon-counting board

(PicoQuant GmbH, Germany) to reconstruct the distribution

of time of flight (DTOF) of the detected photons.

DCS module employs a customized, external cavity, long

coherence length continuous-wave laser diode operating at

around 785 nm (HemoPhotonics, S.L., Spain). The laser light

passes through a bandpass optical filter centered at 780 nm with

a 20-nm bandwidth (Semrock Inc.). The filter’s purpose is to cut

the tails in the spectrum of DCS light, in order to achieve a more

complete blocking by the bandpass filter in front of the TRS

detector. A manual attenuator is adjusted in order to reach a

power of ∼20 mW at the probe head. We note that different laser

units from the same series have slightly different specifications

and the procedures that were introduced in the BabyLux project

could be used to characterize each unit in terms of adherence to

the specifications. Two single photon avalanche detectors are
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used at the detector side (PicoQuant GmbH, Germany). Their

input ferrule connector/physical contact (FC/PC) connectors

are directly placed in the front panel of the device. The detec-

tors’ output is a train of transistor-transistor logic (TTL) pulses

marking the arrival time of each photon. This is fed into a two-

channel autocorrelation board (HemoPhotonics S.L., Spain) that

calculates the intensity autocorrelation function of each signal.

The device is powered by two power supplies. An advanced

technology extended medical grade power supply was used as

the main one. This complies with the standard IEC 60601-1.

Another 75 W (24 V, 3.2 A) power supply was also added.

This is not medical grade but the connection to mains is sepa-

rated by a medical grade isolation transformer, likewise comply-

ing with IEC 60601-1.

(a) (b)

(c)

Fig. 1 (a) The BabyLux device on its desktop configuration, (b) a picture of the BabyLux device on the
custom cart, and (c) schematic representation of the principal optical and electronic components of the
BabyLux device.
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2.2 Software

A software developed by HemoPhotonics S.L. (Castelldefels,

Spain) is used for the acquisition of both DCS and TRS mea-

surements and for the communication with all the optical and

electronic components of the device. The software, written in

C++ language and running in Linux (Kubuntu 14.04) environ-

ment, has been designed to be user-friendly. A normal user has

access to the home window displayed in Fig. 2. The quality of

optical data (e.g., the signal-to-noise ratio, stability, various

parameters) is assessed online and is shown to the user with

a color code (green for good, orange for intermediate, and

red for low quality) in the top right corner. The online analysis

of the data is performed by procedures provided by ICFO for

DCS and Politecnico di Milano for TRS and the results of

all the hemodynamic parameters and a plot following their

time evolution are shown in real time. An example is given

in Fig. 2 from the occlusion of an adult arm. Advanced users

have access to other tabs, which show raw DCS and TRS sig-

nals. From these windows, it is also possible to change acquis-

ition and analysis parameters.

All the measurements reported in this paper were acquired in

1 s averaging/accumulation time. TRS and DCS data were

acquired simultaneously.

2.3 Probe

Four fibers are used for injecting light into the tissue. A single

multimode fiber (400 μm core, 0.39 NA, Thorlabs, Germany) is

employed for DCS and three graded index fibers (62.5 μm core,

Fig. 2 Screenshot of the home window of the device during a cuff occlusion of an adult arm. Time series
of the oxygen saturation (top) and relative BFI (bottom) are reported in the time plot. Color dots on the
right top corner represent the optical quality of the data collected and the attachment of the probe as
monitored by a capacitive sensor placed on the probe.

Fig. 3 Left side: a picture of the head of the probe is shown. Right side: a schematic representation
highlighting the positions of the fibers and the distances between the pairs of source and detector fibers
are shown. A schematic representation of the mounting of the fibers and the prisms is also presented.
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0.21 NA, Thorlabs, Germany) are employed for TRS, illumi-

nating the same position. Two single-mode fibers (4.4-μm

core, 0.13 NA, Thorlabs, Germany) are used as the detection

fibers for DCS. A multimode graded index plastic optical

fiber is used for TRS light detection (1-mm core, 0.3 NA,

FIBERFINN).

A monolithic small and lightweight probe has been built by

Fraunhofer Institute for Production Technology (IPT, Aachen,

Germany) to encase all the seven fibers. A picture of the

probe is presented in Fig. 3 with a schematic of the source

and detector fiber positions. Prisms are used to deflect the

light in the perpendicular direction with respect to the surface

of the probe, which is sealed by sapphire windows to protect

the fiber tips and prisms. For both DCS and TRS, the distance

between source and detector is 15 mm. A second DCS detector

is placed at 5-mm distance from the DCS source to follow the

changes in the superficial extracerebral tissue. We note that the

layout of the source and detector fibers of the probe is flexible

and other source–detector separations could be tested.

A capacitive sensor is implemented in the probe in order to

check whether this is in contact with the skin. The state of the

capacitive sensor is displayed in the home window, as shown in

Fig. 2, with green and red to indicate attachment and displace-

ment of the probe, respectively. This is also utilized for laser

safety purposes.

The instrument response function (IRF) is measured by plac-

ing the probe over a reflective surface. A dedicated case to hold

the probe in this position has been designed and built.

2.4 Phantom Tests

MEDPHOT protocol32 was applied to assess the performance

of the TRS module using a phantom kit of twenty-four solid

phantoms, with three different μ 0
s (nominal values 5, 10,

15 cm−1 at 660 nm) and eight different μa (nominal values

from 0 to 0.49 cm−1 in 0.07 cm−1 steps at 660 nm).

This protocol is divided into five assays, a sixth one has been

added since relevant for the clinical measurement planned with

the BabyLux device. The six assays are as follows:

1. Accuracy: This test is designed to quantify the error

made by the device on the optical property estimation.

The error is defined as ε ¼ 100 × ðxmeas − xconvÞ∕
xconv, where xmeas is the quantity measured by the

BabyLux device and xconv is the conventionally true

value obtained by measuring each phantom with a

broadband TRS system with high temporal resolution.

2. Linearity in μa and μ
0
s: Measured μa values are plotted

against the conventionally true ones. In this case the

measurements should ideally lie in a line passing

through zero with a 45-deg slope. On the other

hand, the measured μ 0
s are plotted against the conven-

tionally true values of μa. Therefore, they should

ideally lie in three horizontal lines corresponding to

the three conventionally true values of μ 0
s.

3. Noise (or precision): Thirty continuous measure-

ments are acquired on one phantom with nominal

optical properties of 10 cm−1 for μ 0
s (690 nm) and

0.1 cm−1 for μa (690 nm) at different count levels,

in the range from 103 to 108. To quantify the preci-

sion, we have used the coefficient of variation (CV)

over the 30 measurements x ¼ ½x1; : : : ; x30�, i.e.,

CV ¼ 100 × σðxÞ∕hxi, where σðxÞ is the standard

deviation and hxi is the averaged value.

4. Stability: The same phantom used in the previous

point is measured for ∼10 h after the device has

been switched on. The time series of the derived opti-

cal properties is plotted to check the time necessary for

reaching their final values, i.e., the warming up of

the device, and to check the presence of drifts or

fluctuations.

5. Reproducibility: The same phantom is measured over

five different days, at the same experimental condi-

tions. Averaged value of optical properties over all

the 5 days is calculated as well as the percentage

deviation in each day with respect to them.

6. Reproducibility over probe replacement: The same

phantom is measured over five different days, at the

same experimental conditions. The probe is placed

on the phantom, 30 measurements are acquired,

then the probe is lifted, placed back on the phantom

surface and another 30 acquisitions run. This is

done until six sets of measurement are acquired.

The CV over the six replacements is calculated for

each of the 5 days.

All the described measurements are acquired collecting

105 photon∕s , if reachable, apart from point (3).

To test the DCS module, a water-based solution of polydis-

perse microparticles (HemoPhotonics S.L., Spain)35 has been

employed. This phantom is used for the last three points of

the above protocol (stability, reproducibility, and reproducibility

over probe replacement). It has nominal optical properties of

0.17 and 7 cm−1 at 785 nm and a nominal particle diffusion

coefficient of 1 × 10−8 cm2∕s.

Finally, to quantify the possible mutual cross talk between

TRS and DCS, we have acquired 30 TRS and DCS measure-

ments on the same phantom both simultaneously (i.e., DCS

on and TRS on) and independently (i.e., DCS on and TRS

off, or vice versa). Optical and dynamic properties are estimated

in the two modes and mean and standard deviation of the 30

measurements are calculated.

2.5 In Vivo Protocol

A protocol for arterial cuff occlusion of the arm was imple-

mented on healthy adult volunteers to test the device in relevant

settings closer to the operational ones. This test was previously

proposed as a controlled and easy-to-repeat test to check the in

vivo performance of cerebral oximeters.36

The studies were approved by the ethical committee of the

Hospital Clinic Barcelona. Each subject signed an informed

consent and the study was conducted according to the princi-

ples of the Declaration of Helsinki. The inclusion criteria was a

skinfold thickness of <8 mm as measured by a skin caliber.

The probe was placed on the upper part of the flexor muscle

of the lower arm. After 2 min of rest, arterial cuff occlusion at

230 mmHg was maintained for 6 min. The cuff was deflated

and 7 more minutes were recorded. This protocol was repeated

three times sequentially for each subject in the same session.
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2.6 Data Analysis

2.6.1 Time-resolved near-infrared spectroscopy analysis

To model the collected TRS data, the solution of the photon dif-

fusion equation for the reflectance from a semi-infinite homo-

geneous medium is used. The following expression for the

reflectance is obtained:37,38

EQ-TARGET;temp:intralink-;e001;63;672RðtÞ ¼
v

2A

�

1

4πDt

�

3∕2

exp

�

−
ρ2

4Dt
− μavt

�

×

�

exp

�

−
z2þ

4Dt

�

− exp

�

z2−

4Dt

��

; (1)

where v is the speed of light in the medium, A accounts for the

index mismatch between tissue and air.21,38,39Here,D is the pho-

ton diffusion coefficient D ¼ v
3μ 0

s
, ρ is the distance between the

injection point and the detection point, zþ ¼ zs and

z− ¼ −2ze − zs, where zs ¼ 1∕μ 0
s and ze ¼ 2A∕3μ 0

s. Here, μa
and μ 0

s are the tissue optical properties, i.e., the absorption

and the reduced scattering coefficients, respectively. The diffu-

sion equation is a good model to describe the photon propaga-

tion into the tissue when μa ≪ μ 0
s, which is usually valid for

biological tissue.

The expression of the reflectance reported in Eq. (1) repre-

sents the response when the injected pulse is a delta function

centered at time t ¼ 0 ps, i.e., the Green’s function

solution.17,37,38

The reflectance of an experimental injected pulse R̃ðtÞ is

given by the convolution of Eq. (1) with the IRF, i.e.,

R̃ðtÞ ¼ RðtÞ ⊗ IRFðtÞ. Here, R̃ðtÞ is the model to be compared

with the experimental DTOF, after normalizing by the curve

area. A Levenberg–Marquardt procedure was employed to min-

imize the least square error between the two. The fitting range

includes all the points with a number of counts higher than 90%

of the peak value on the rising edge of the curve and 1% on the

tail. The absorption and the reduced scattering coefficients are

considered as the fitting parameters.

The time t ¼ 0 ps represents the photon launching time,

and it is considered as the peak of the IRF in the realistic

case when the injected pulse is not a delta pulse. This holds

true if IRF is measured by directly facing the source and detec-

tor fibers.40 Since we have measured the IRF in a reflectance

geometry, with some distance from the reflecting surface, a

shift of the peak t0 must be considered. This parameter is cali-

brated by measuring a solid phantom with known optical prop-

erties. We have used the above-explained model for the fitting

procedure and a spectral fit was performed by defining a spec-

tral constraint for the reduced scattering coefficient according

to the Mie theory. Specifically, μ 0
sðλÞ ¼ aðλ∕λ0Þ

−b,41–43 where

λ0 is a reference wavelength and a and b are the parameters that

depend on the scatterers size and density. Curves at the three

wavelengths are then fitted simultaneously considering μaðλÞ,
a, b, and t0 as fitting parameters in order to define the best

value for t0.

Once t0 was obtained for this system, the measured DTOF

could be shifted with respect to the IRF and analyzed as

explained above by fitting the DTOF with the model R̃ðtÞ.
An estimation of optical properties [μaðλÞ and μ 0

sðλÞ] for each
wavelength was derived.

(a) (b)

(d)(c)

Fig. 4 IRF and an example of DTOF (collected from a solid phantom) are shown for the three wave-
lengths (a) 685 nm, (b) 760 nm, and (c) 820 nm. The solid line represents the results of the fitting pro-
cedure. (d) A DCS-measured normalized, intensity autocorrelation curve collected from a liquid phantom
is depicted, together with the results of the model, solid line. The black vertical lines highlight the region
used for the fitting procedure.
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2.6.2 Diffuse correlation spectroscopy analysis

In the DCS module, the intensity fluctuations of the diffuse

speckles are quantified by using a hardware correlator to calcu-

late its normalized intensity autocorrelation function [g2ðτÞ, τ is
the delay time]. The decay of this quantity depends on the move-

ment of the moving scatterers, i.e., the red blood cells in case of

most tissue measurements.19,21 The first step of the analysis

process is to derive the normalized electric field autocorrelation

function g1ðτÞ from the measured g2ðτÞ, by the Siegert relation:

EQ-TARGET;temp:intralink-;e002;63;646g2ðτÞ ¼ 1þ βjg1ðτÞj
2; (2)

where β is a parameter that depends on the experimental con-

ditions and can be estimated from the first points of the g2ðτÞ,
i.e., g2ðτ ¼ 0Þ ¼ 1þ β. The experimentally derived g1ðτÞ
can be compared to the solution of the correlation diffusion

equation by normalizing the electric field autocorrelation func-

tion [G1ðτÞ], considering g1ðτÞ ¼ G1ðτÞ∕G1ð0Þ. As before,

we have considered a semi-infinite homogeneous medium.

Therefore, the analytical expression of G1ðτÞ is given as21

EQ-TARGET;temp:intralink-;e003;326;741G1ðτÞ ¼
1

4πD

�

e−KðτÞr1

r1
−
e−KðτÞre

re

�

; (3)

where the decay constant KðτÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðμa þ 2μ 0
sk

2
0BFIτÞ

1
D

q

, with

k0, the wavenumber of light into the medium, depending on the

so-called BFI. This derivation assumes a Brownian model for

the diffusion of the moving scatterers.20 BFI equals the particle

diffuse coefficient DB multiplied by the fraction of moving

scatterers to the total scatterers (α) (BFI ¼ αDB). In Eq. (3),

r1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρ2 þ z2þ
p

and re ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρ2 þ z2−
p

and zþ;− are defined in

Sec. 2.6.1. BFI is extracted as fit parameter from Eq. (3), con-

sidering all the delay times for which g2ðτÞ > 0.6. The optical

properties measured by TRS are inserted as input parameters.

Specifically, their average over the measurement period is

used for phantom measurement. On the other hand, for the

in vivo measurement, the whole time series of μa is inserted

while μ 0
s is fixed to its baseline value.

Fig. 5 Optical properties retrieved from a series of twenty-four solid phantoms, built with three different
levels of reduced scattering coefficient and eight levels for absorption are shown. Each row represents
one wavelength (λ). In the left column, the measured μ

a
are plotted against the conventionally true μ

a
;

different colors andmarkers correspond to the different level of μ 0
s
. The black line represents the expected

values. The right column reports the measured μ 0
s
with respect to the conventionally true μ

a
.
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2.6.3 In vivo measurement analysis

From the retrieved values of absorption coefficients at 685, 760,

and 820 nm, the concentrations of HbO2 and Hb could be cal-

culated. This is done assuming the linearity between absorption

coefficients and the chromophore concentrations. In particular,

μaðλÞ ¼
PNc

i εiðλÞci, where ci is the concentration and εi is the

extinction coefficient of the i’th of the total Nc chromophores.

Since water content was fixed at the 70% of the total chromo-

phore concentration, only two unknowns were present, and the

system was overdetermined and could be solved by the method

of the least squares.

As explained in the protocol section, three occlusions were

performed for each subject. The response in each occlusion was

characterized by extracting the level of BFI and StO2 reached

during occlusion and after releasing the cuff. To test whether

the response differed over multiple occlusions, a linear mixed

effects (LME) model for those two variables was built with

the number of occlusion as fixed effect and subject identifier

as the random effect.

3 Results

Figure 4 shows examples of IRF and DTOF that were collected

from a solid phantom with nominal optical properties of

10 cm−1 for μ 0
s and 0.1 cm−1 for μa at 690 nm. The measured

curves are shown for the three wavelengths used [(a) 685 nm, (b)

760 nm, and (c) 820 nm], together with the results from the

model. We have obtained optical properties of 0.079 and

11.6 cm−1 at 685 nm, of 0.077 and 9.9 cm−1 at 760 nm, and

of 0.072 and 8.9 cm−1 at 820 nm, for μa and μ 0
s coefficient,

respectively. Figure 4(d) reports an example of a normalized

intensity autocorrelation curve collected from a liquid phantom

with μað785 nmÞ ¼ 0.17 cm−1 and μ 0
sð785 nmÞ ¼ 7 cm−1,

together with the modeled curve. The fitting procedure gives

a BFI of 1.7 × 10−8 cm2∕s.

3.1 Phantom Tests

The measurements were performed on the 24 solid phantoms

within the framework of the MEDPHOT protocol and allowed

Fig. 6 Contour plots showing the errors in the estimated values with respect to the conventionally true
values for μ

a
(left column) and μ 0

s
(right column) derived from the measurement of 24 solid phantoms.

Each row represents one wavelength (λ).
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the characterization of accuracy (assay 1) and linearity (assay 2)

of the optical property estimation by TRS. Left column of Fig. 5

shows the linearity of the system for absorption measurement by

showing the behavior of μa estimation with respect to the con-

ventionally true values for μa. The black line represents the

expected values; therefore, the distance of each point from

this line gives an indication of the accuracy of the estimation.

These errors are quantified in the left column of Fig. 6 for μa. If

we focus on the values of interest of μa ¼ 0.2 cm−1 and

μ 0
s ¼ 7 cm−1, the error is around 6% for 685 and 760 nm,

whereas it is 12% for 820 nm. The values for errors lie in

the expected range and are mainly due to the variation of the

experimental conditions with respect to the diffusion model.44

The right column of Fig. 5 reports the measured μ 0
s with

respect to the conventionally true values for μa in order to

show the coupling of μ 0
s to μa. The horizontal lines represent

the expected values for μ 0
s and the deviations from these lines

are quantified in the right column of Fig. 6, showing the highest

error for high value of μa and low values of μ 0
s, as expected

due to the deviation from the diffusion model.45 An error of

about 10% for μ 0
s is obtained for the values of interest of

μa ¼ 0.2 cm−1 and μ 0
s ¼ 7 cm−1; this is also comparable to

what was expected due to the diffusion model.44

Results of assay 3 are reported in the top row of Fig. 7. The

CV of optical property measurement at different count levels is

reported in a logarithmic scale. A value of 1% is reached with

5 × 105 counts. Owing to the Poisson nature of the photon noise,

the CV is expected to decrease as the square root of the counts.

To test this, the logarithmic transformation of CVand the counts,

as plotted in Fig. 7, was tested for linear regression. For each

wavelength and for both μa and μ
0
s, the 95% confidence interval

of the slope contains −0.5, i.e., a square root dependence, as

expected.

On the other hand, the bottom row of Fig. 7 shows the results

for assay 4. Optical properties estimated from 8 h of measure-

ment right after the starting of the device are reported. The hori-

zontal lines represent a range of�3%with respect to the average

values calculated in the last hour of measurement. A warm-up

period of 1 h is thus identified. After the warm-up period, no

shifts or deviations were detected in the results.

By performing multiple measurements for different days, the

reproducibility of the estimations over different days (assay 5)

and over replacements of the probe on the phantom (assay 6)

could be assessed. These results are reported in Table 1. The

deviation among different days of measurement is low, with

a maximum value of 5% reached only in 1 day. CVover replace-

ments is also low with a maximum of 2.5%.

As for DCS, the results of measurement on a liquid phantom

over 5 h are reported in Fig. 8. Retrieved BFI values show no

trend over time and the CV over the whole period is 1.5%.

Subsequently, multiple measurements were done on a liquid

phantom to access the repeatability over days and over replace-

ments. Results are reported in Table 2. While results for CVover

replacements are very good and similar to those obtained for

TRS, the deviation from average value of BFI between days

is larger than those for optical properties, reaching 8%. It

must be noted that variability of liquid phantom conditions plays

an important role in dynamic property measurement, mainly

because the measured diffusion coefficient depends on the envi-

ronmental conditions, such as the temperature.46
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Fig. 7 Top row reports the CV of μ
a
and μ 0

s
estimation over 30 continuous measurements at different

count levels. Both axes are in logarithmic scale, dashed lines represent the linear regression, whose
slope is −0.5 for all of them, as expected by Poisson photon noise. About 1% stability level is reached
at 5 × 105 counts for the μ

a
and already at 105 counts for the μ 0

s
. The bottom row reports results of μ

a
and

μ 0
s
over 8 h after turning on the device for the three wavelengths. The dashed horizontal lines represent

the�3% range of the average value obtained from the last hour of measurement that is reached after 1 h
of laser functioning.
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The final test performed on phantoms was aimed at assessing

whether each module influences the other, to evaluate potential

cross talk, since DCS and TRS measurements are acquired

simultaneously. Table 3 compares the results of DCS measure-

ments on the same liquid phantom both in the presence of TRS

light shining from the probe and without the TRS light. Intensity

β parameter and BFI do not vary with and without TRS light

shining from the probe, considering the standard deviation

within the measurements. This is also confirmed for TRS.

Table 4 shows the equivalent results for optical properties mea-

sured by TRS with and without DCS light shining from the

probe. The results of the two modes overlap, considering the

mean and the standard deviation of the 30 measurements.

The increase of TRS background must be related to the counts

in all the 2048 channels. It increases by only two counts per

channels on average, which does not affect the measurement.

Table 1 The same solid phantom was measured on five different days, acquiring six measurements per day replacing each time the probe on the
surface of the phantom. In the table, for each wavelength, the average value of optical properties is presented. In addition, the percentage deviation
from the average values and the CV over replacements measured on each of the 5 days are reported.

μ
a

μ 0
s

λ (nm)
Average

value (cm−1) Day
Deviation from
average (%)

CV over
replacement (%)

Average value
(cm−1) Day

Deviation from
average (%)

CV over
replacement (%)

685 0.078 1 −0.5 2.3 11.5 1 1.2 1.8

2 −2.4 2.5 2 −0.6 1.9

3 5.4 1.9 3 0.9 1.5

4 0.1 2.5 4 0.2 1.9

5 −2.6 1.6 5 −1.7 1.3

760 0.076 1 −0.04 2.2 9.7 1 1.1 1.6

2 −2.7 2.4 2 0.2 1.5

3 5.9 2.5 3 1.0 2.0

4 −0.2 2.2 4 −0.2 1.5

5 −5.2 2.5 5 −3.8 1.7

820 0.073 1 −0.6 2.3 8.7 1 0.8 1.3

2 −0.2 1.9 2 2.8 1.4

3 5.1 2.0 3 −0.5 1.4

4 0.9 2.1 4 0.7 1.6

5 −5.1 1.9 5 −3.8 1.3

Fig. 8 BFI measurement of a liquid phantom by DCS over hours. The
red continuous line indicates the average value, whereas the dashed
line represents the �3% range.

Table 2 The same liquid phantom was measured on five different
days, acquiring six measurements per day replacing each time the
probe on the surface of the phantom. The table reports the average
value obtained for BFI and, for each day, the deviation from the aver-
age value and the CV over replacement.

BFI

Average value Day
Deviation from
average (%)

CV over
replacement (%)

1.76 × 10−8 cm2∕s 1 −8.3 1.5

2 −1.3 1.5

3 7.0 1.0

4 0.1 0.8

5 2.5 1.0
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3.2 In Vivo Results

Six subjects (three females, aged 23 to 29 years) were recruited

for the cuff occlusion protocol of adult arm. The skinfold thick-

ness of the overlying tissue ranged from 2 to 4 mm. Each rep-

etition of occlusion did not differ from the others, as confirmed

by the LME model (p > 0.05). For this reason, the three repe-

titions of the protocol were averaged for each subject. Figure 9

reports the hemodynamic time series during the protocol for the

six subjects, each of them represented by a different color and

marker. The legend reports the superficial layer thickness as

assessed by the skinfold thickness. The Hb concentration

increased during the arterial occlusion, with a median increase

over the population at the end of occlusion period of 32.4 μM

(14.1 and 37.6 μM), where the numbers in brackets are the I and

III interquartile ranges as used for other values. On the other

hand, the HbO2 concentration decreased during the occlusion

by −24.0 μM (−31.0 and −8.9 μM) as the median over the pop-

ulation at the end of the occlusion period. These changes

resulted in a decrease of StO2 of −28.2% (−31.6% and

−14.7%). Concurrently, the percentage change of relative BFI

(ΔrBFI) at the end of the occlusion was 85% (79% and 89%)

as the median over the population.

The values tended toward recovery 2 min after the release of

the cuff. Specifically, Hb changed by −8.9 μM (−15.1 and

−7.6 μM) and HbO2 by 20.4 μM (12.1 and 30.9 μM) with

respect to the initial value. Consequently, StO2 increased

with respect to the initial value by a median value of 12.9%

(11.9% and 16.6%) within 30 s after the release of the occlusion;

this was followed by a recovery to baseline. After the release of

the cuff, blood flow increased reaching a percentage change of

490% (380% and 510%) as the median over the sample popu-

lation with respect to the initial baseline value.

Table 3 The same liquid phantom is measured with and without TRS
laser light shining from the probe, acquiring 30 curves. The table
reports the mean BFI, β, and intensity with the standard deviation
(in brackets) over the 30 measurements.

TRS light BFI (×10−8 cm2∕s) β Intensity (kHz)

OFF 1.95 (0.09) 0.50 (0.01) 153 (2)

ON 1.90 (0.08) 0.49 (0.01) 154 (1)

Table 4 Thirty TRS curves are acquired from a solid phantom with
nominal properties of μ

a
¼ 0.27 cm−1 and μ 0

s
¼ 10 cm−1 at 660 nm

with and without DCS laser light shining from the probe. The table
reports the mean optical properties with the standard deviation (in
brackets) over the 30 measurements, as well as the total background
noise, registered in all the 2048 channels.

λ (nm)
DCS
light μ

a
(cm−1) μ 0

s
(cm−1)

Total background
counts

685 OFF 0.243 (0.002) 9.49 (0.06) 6144

ON 0.242 (0.002) 9.42 (0.09) 8192

760 OFF 0.232 (0.002) 8.38 (0.06) 4096

ON 0.232 (0.003) 8.35 (0.09) 8192

820 OFF 0.215 (0.002) 7.55 (0.05) 4096

ON 0.214 (0.002) 7.49 (0.07) 8192

Fig. 9 Time series of changes of Hb, HbO2, StO2, and rBFI during the cuff occlusion protocol. Curves
are reported for each subject, as color coded. Legend identifies the thickness for the superficial layer for
each subject.
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4 Discussion and Conclusion

The BabyLux device is an optical neuromonitor built and devel-

oped primarily for employment in neonatology. It integrates

DCS and TRS technologies to acquire independent and simul-

taneous measurements of cerebral perfusion and blood oxygena-

tion. The BabyLux project, in the framework within which the

device was developed, was motivated by the current clinical

need for a technology that can continuously monitor the cerebral

well-being of the neonate brain at the cot-side. Our goal was to

evaluate the device performance in a quantitative manner, inde-

pendent of the measurements on the infant brain. This work

demonstrates that the BabyLux device is a good candidate

for monitoring cerebral hemodynamics in the infant brain for

two reasons. First, by using DCS, it has a direct measurement

of the blood flow to the cerebral tissue. Instead of having infor-

mation only on the consumption of oxygen, as done by NIRS

that measures blood oxygen saturation, the BabyLux device pro-

vides a direct independent measurement of the supply of oxy-

gen. Second, TRS allows for absolute measurement of optical

properties and, consequently, of absolute Hb and HbO2 concen-

trations and blood oxygen saturation.

To improve the state-of-the-art method, the BabyLux device

had to be not only compact, portable, and easy to use for the

clinical personnel but also robust, precise, and accurate. For

this reason, tests in the laboratory settings were used to assure

good performance in the near-ideal scenario.

The results reported in this paper were obtained by an off-line

analysis. Nonetheless, we note that the online analysis imple-

mented in the device follows the same routine and gives the

same results, provided that the same values are chosen for

the input analysis parameters. The range of those values is to

be defined during the clinical testing of the device, which is

the scope of other works.

It is fundamental to assess the accuracy in estimation of the

optical properties for different reasons. First, the absolute meas-

urement of Hb and HbO2 concentrations and consequently of

StO2 depends on the possibility to measure the absolute values

of the optical properties of the tissue, in other words, on decou-

pling μa and μ 0
s. In addition, the optical property values are

needed for the BFI estimation since they are the input param-

eters of DCS analysis. Results over different solid phantoms

show good performance in terms of accuracy, with an error

of around 10% in the region of interest, comparable with

other TRS devices performance32 and with the intrinsic limits

of employing the photon diffuse equation. 44,45

When acquiring the TRS measurements at different count

levels, a variability of 1% is reached with 5 × 105 counts.

This is in line with previous experimental tests on TRS

systems32,44 that reported that the CV for the fitted optical prop-

erties decreases with the count level with a square root power

law. This is expected by Poisson statistics for photon counts and

is confirmed by our results. Accordingly, the variability can be

lowered significantly by increasing the count level (e.g., ∼0.3%

with 106 counts). However, the limit of 105 counts can be easily

reached by the TRS system with short (<1 s) acquisition time,

whereas 106 could require a longer acquisition time or averaging

of several DTOFs at the post-processing level. Therefore, we

have decided to target 105 counts in a 1-s acquisition.

A standard procedure to assess the accuracy of the DCS

measurement does not exist, mainly due to the complexity of

making a stable liquid phantom. A mixture of water, ink, and

lipid emulsions is usually used. Few techniques have been

considered to change the particle diffusion coefficient in a con-

trolled way, from changing the viscosity of the medium, its tem-

perature, or adding forced motion by pumps.20,47–50 However,

the phantoms for dynamic properties are still to be improved.

Therefore, only stability and reproducibility was tested for

both modalities. Optical and dynamic properties of the phan-

toms were stable (within 3%) over more than 5 h of measure-

ments; drifts and significant fluctuations were not observed. The

warm-up period of about 90 min was defined for TRS lasers.

Measurements over different days of operation on the same

phantom showed repeatable results, with a deviation of <5%.

The variability over the replacement of the probe on the phan-

toms was also assessed, motivated by the fact that poor repro-

ducibility in this scenario is a major drawback of current NIRS

technologies. The performance in the ideal scenario of the labo-

ratory settings showed good reproducibility over replacement

both for TRS and DCS measurements with a CV over replace-

ment <2.5%. It is now necessary to assess the performance of the

device in a realistic scenario. Toward that end, the variability

over replacement of the probe has been measured on infants

in clinical settings. These results will be published independ-

ently. The present work sets the realistic limits to be expected

from the more complex clinical studies.

An arterial cuff occlusion protocol was designed in order to

test the device during in vivomeasurement, in particular, to illus-

trate its performance and sensitivity when blood flow and sat-

uration levels vary over a dynamic and wide range. The

hemodynamic parameters changed in the expected manner.

Within all the subjects, a wide range of level for StO2 was

reached during the occlusion period, reflecting, presumably,

differences in the oxygen metabolism of the muscles of those

subjects. Furthermore, the decrease of StO2 was dependent

on the measured thickness of the superficial layer, which is

not surprising since the source–detector separation is optimized

for probing relatively shallow regions, such as the infant brain.

During the occlusion, the reduction of StO2 was larger in sub-

jects with a thinner superficial layer since the active muscle tis-

sue occupied a larger percentage of the probed volume with

respect to subjects with a thicker superficial layer. The StO2

decrease reached 40% in the subject with a skin and adipose

tissue layer of 2 mm. It has been proven that for the thin super-

ficial layer (7 mm for a source–detector separation of 20 mm),

the absorption properties retrieved using the model for homo-

geneous level are independent on the changes of the upper

layer.51 Even if this holds true, StO2 changes depend on the

amount of muscle tissue probed by the optics, which consumes

more oxygen with respect to the skin and adipose tissues, as it

was demonstrated in a previous work changing the source–

detector separation on the same subjects.52

The blood flow increase after the release of the cuff was

homogeneous within the subjects and did not depend on the

superficial layer thickness. Specifically, it increased by 490%

as the median over the sample population with a narrow inter-

quartile range of 380% and 510%. In the previously cited work,

the blood flow level of hyperemia was actually dependent on the

source–detector separation.52 It must be noted that the occlusion

in the mentioned work was kept for less time (3 min instead of

6 min) and the blood flow increase was far lower than in our

protocol (threefold increase instead of fivefold). Different

lengths of occlusion may be the source of the discrepancy

and the more extreme hypoxia due to the longer occlusion

may be the cause of the fact that the response was not dependent
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on the superficial layer thickness. Since it has been proven that

the depth sensitivity of DCS was higher than CW-NIRS and the

contrast-to-noise ratio of the deeper layer change was equiva-

lent,53 we did not expect DCS to be less sensitive to the muscle

hemodynamics than TRS in this measurement.

TRS is not the only diffuse optical technology that can mea-

sure absolute optical properties. It has been shown that this can

be done by a broadband CW-NIRS system.54 However, this

relies on a more complex calibration scheme and as all continu-

ous-wave methods are more prone to influences of external

light. Consequently, this is often used to measure baseline opti-

cal properties and it relies on Beer–Lambert law for measuring

change from baseline. Traditionally, the other technology that

measures absolute optical properties are frequency-domain

NIRS (FD-NIRS), which uses intensity-modulated light to

probe the tissue. A commercial system integrating FD-NIRS

and DCS is in the market and has been previously reported.31

A few aspects of TRS technology makes it preferable over tradi-

tional FD-NIRS. The latter needs multidistance measurements

in its most common implementation or the use of more complex

multiple source modulation frequency measurements in order to

retrieve the absolute values of the optical properties. In the for-

mer case, FD-NIRS may be affected by the heterogeneity of the

probed tissue and the probes are also more complex and larger.

In the latter case, the complexity of the multifrequency approach

has prevented the commercialization of such FD-NIRS systems.

On the other hand, TRS works with a single source–detector

pair and from a single measurement allows for the estimation of

the optical properties. In addition, the penetration depth of the

TRS measurement does not depend on the source–detector

separation and the depth sensitivity is naturally encoded in

time.55–57 It has been demonstrated both theoretically58 and

experimentally59 that TRS has a better penetration depth than

FD-NIRS. It is true that TRS technology is traditionally more

expensive but recent research has been focused on advancing

the technology in order to build simpler and cheaper

devices.60 Time will tell the ultimate preferred technology for a

given application.

In conclusion, the laboratory tests showed good performance

of the BabyLux device. The estimation of optical properties was

accurate and precise. The results were stable over several hours

of functioning, and they were repeatable within days and

replacement of the probe. Good performance in the dynamic

range and in vivo measurement has been proved by an arterial

cuff occlusion protocol of the adult forearm. The performance in

clinical settings, on infants, is currently being assessed with

ongoing clinical studies.
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